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a b s t r a c t
Crystalline thermoelectric nanowires with well controlled chemical composition, defects
and grain structures are desired for their thermoelectric performance. Here, P-type
thermoelectric (TE) nanowires, BixSb2−xTe3, are deposited in anodized aluminum oxide
(AAO) templates at room temperature by pulsed laser assisted electrochemical deposition
(ECD). Evident differences in the ECD processes resulting from pulse laser irradiation
are monitored by cyclic voltammetry (CV) and current–time (I-t) curves, where instant
current developments are captured. Variations in the crystal structure due to laser assisted
ECD are examined using high-resolution transmission electron microscope (HR-TEM).
We find that after laser assisted ECD, nanowires are deposited in the highly oriented
crystallographic direction with enhanced crystallinity. Simultaneous enhancements in
the electrical conductivity and the Seebeck coefficient are observed for those nanowires
treated by laser assisted ECD, while the thermal conductivity remains almost the same.
Theoretical calculations based on the Boltzmann transport equations suggest that the
reduction of charge carrier concentration by the reduced anti-site defect densities after
the laser treatment is responsible for the large enhancement of the Seebeck coefficient
for the nanowires. The reduced defect densities also increase the carrier mobility
substantially, which results in the enhanced electrical conductivity despite the reduced
carrier concentration. This work highlights the beneficial impacts of the laser treatment for
the thermoelectric performances of electrochemically grown semiconductor nanowires.
© 2016 Elsevier Ltd. All rights reserved.1. Introduction
There has been an explosive demand for energy har-
vesting devices. Thermoelectric (TE) devices are a viable
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2352-4316/© 2016 Elsevier Ltd. All rights reserved.solid-state technology capable of converting thermal en-
ergy into electricity, and vice versa. They have been at-
tracting increased attention due to their great potential ap-
plications such as power generation [1,2], solid-state de-
vice cooling [3–6], waste heat recovery in vehicles [7], sen-
sor applications [8], and wearable energy harvesting [9].
Performance of a TE material is evaluated by the figure of
merit, ZT = S2σT/κ , where S, σ , κ , and T are Seebeck co-
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absolute temperature, respectively. Various approaches
have been attempted to achieve high-performance TE ma-
terials, including exploiting high-performance bulk crys-
tals, such as ‘‘phonon glass electron crystal’’ [10], introduc-
ing nanostructures into bulky materials [11], and reducing
the dimension of TE materials [12,13]. Among these dif-
ferent approaches, one-dimensional nanowires are consid-
ered to be one of the most attractive pathways to achieve
high figure of merit due to modified electronic density of
state (increased Seebeck coefficient) and enhancedphonon
scattering (reduced thermal conductivity) [14].
Best-performance TE materials at near room temper-
ature are Bi2Te3 as n-type and Bi0.5Sb1.5Te3 as p-type.
There are many scalable ways to produce TE nanowires,
including solution-based synthesis [15,16], hydrothermal
synthesis [17], and electrochemical deposition (ECD) [18].
Even though the first two approaches could yield high-
performance products, it is challenging to synthesize p-
type BixSb2−xTe3 with these techniques partially due to
the limited solubility of antimony precursor, i.e. Sb2O3
and SbCl3. Instead, template-assisted ECD on anodized
aluminum oxide (AAO) templates can be a scalable and
tunable method for p-type TE materials growth and
fabrication. Periodically-distributed channels (pore den-
sity of ∼1010/cm2) provide a large number of oriented
nanowires. High chemical stability to organic solvent as
well as thermal stability makes AAO template one of the
candidates for the standard photolithography. In addition,
the moderate thickness (∼60 µm) satisfies the dimen-
sional requirement for the TE device because too thin TE
legs are not able to provide enough thermal resistance
to keep the sufficient temperature gradient. On the other
hand, this electrochemical depositionmethod, as Kuo et al.
experimentally proved, is capable of precise stoichiometry
control by manipulating deposition potential [19]. Accord-
ing to thework byMartin-Lopez et al., such changes in stoi-
chiometry inducemodulation of carrier concentration [20].
Furthermore, if the aspect ratio between Te and Bi/Sb is
controlled properly, the carrier type is also changeable.
This process, however, has several problems. Firstly, re-
duction potential for Sb (III) is high, and its large reduc-
tion potential deviation from those of Bi (III) and Te (VI) is
not easily minimized, resulting in high-rate ECD with poor
crystallinity. Thus, controlling growth in nanoscale chan-
nel is crucial to produce good-quality nanowires. To ad-
dress this issue,many efforts have been taken: for example,
Li et al. successfully deposited single-crystalline Bi2Te3 by
employing pulse ECD [21], where low-rate deposition in-
duces nuclei preferably grow in the lamella direction, so-
called the 2D growth mode, with high crystal quality [22].
Alternatively, according to our previouswork, laser irradia-
tion shows the similar capability to control nucleus growth
direction by combining laser energy dose with reduction
potential [23]. Even at the high-potential and high-rate de-
position condition, localized and instant high-temperature
environment in the nanoscale channel caused by laser irra-
diation induces the small and unstable nucleus growth in
lamella direction. Secondly, fabrication and nanowire as-
sembly for accurate TE performance characterization, typ-
ically electrical conductivity, Seebeck coefficient, and ther-
mal conductivity measurement, are challenging. In spiteof the continuous attempts, the properties measurements
for template-assisted grown nanowires, however in most
studies, are not comprehensive. Either only electrical prop-
erties [24] or thermal properties [25] were characterized,
because precisemeasurements of TE properties require ex-
pensivemicro-manipulation to place the nanowires on the
designed micro-devices [26]. Even though the TE prop-
erties were measured properly, the chemically etched-
out template loses the possibility for further device fab-
rication. Thus, avoiding AAO template damage during de-
vice fabrication and performance characterization is nec-
essary. Herein, we demonstrate the laser-assisted ECD of
p-type BixSb2−xTe3 on AAO templates and in-situ fabrica-
tion process for TE properties measurement. By integrat-
ing laser irradiation into the deposition process, highly
oriented nanowires at relatively high reduction potential
were observed. Finite element method was used to ana-
lyze laser heating mechanism during the growth process.
In-situmeasurements for TE performance were performed
on the fabricated AAO device with/without laser treat-
ment. By characterizing the structural differences and per-
formance changes in the two growth conditions alongwith
theoretical calculations, the impacts of the laser treatment
on the thermoelectric performance are discussed in details.
2. Materials and methods
The deposition and fabrication process is presented
in Fig. 1. Working electrode preparation was slightly
modified from Stacy group’s previous work [18]. Typically,
an AAO template with the pore diameter of ∼100 nm,
as shown in Fig. 1(a2) and (a3), and the thickness of
∼50 µm was used, on which a 5-nm titanium adhesion
layer and 200 nm gold film were deposited by e-beam
evaporation (Fig. 1(a1)). This template was used as the
working electrode after silver wire was attached by silver
paste. Finally, non-AAO part of the electrode was coated
with a commercially available nail glue to prevent its
exposure to the solution. Pulsed potential (−300 mV,
2 s-on/6 s-off) was applied to this working electrode in
the electrolyte of Bi3+ (2.5 mM), SbO+ (7.5 mM), HTeO+2
(9 mM), tartaric acid (0.5 M), and HNO3 (1 M) to grow
p-type BixSb2−xTe3 nanowires. During the growth the
working electrode was exposed to Q-switched Nd:YAG
laser (wavelength 355 nm, pulse width 5 nm) as shown in
Fig. 1(b2).
Average deposition rate, calculated by measuring
nanowire length in the cross-sectional field emission scan-
ning electron microscope (FESEM) image of the deposited
AAO template (Fig. 1(b3)), is ∼6 µm/h. As the deposi-
tion continues, the growth rate is expected to become
faster at the constant reduction potential because the over-
all electrode resistance decreases since the distance from
the tip of nanowire to the template surface is decreasing.
Growth lasted until gray flower-like caps were observed
on the front surface of working electrode, indicating the
overgrowth of nanowires (Fig. 1(c1)). After the deposition,
the template was mechanically polished with polishing
wheels using polishing paste from coarse ones (6 µm) to
fine ones (0.05 µm), removing the overgrown parts, thus
eventually exposingmore nanowire tips (Fig. 1(d1)), which
388 S. Jin et al. / Extreme Mechanics Letters 9 (2016) 386–396Fig. 1. Schematic illustration and corresponding SEM images of laser-assisted ECD and fabrication process: (a) AAO template as working electrode with
backside sputtered of Au/Ni film. (b) ECD of BixSb2−xTe3 , and theworking electrode exposed to pulse Nd-YAG laser. (c) Overgrown ‘‘mushroom’’ throughout
the template. (d) Polished and selectively etched template. Scale bar: (a2) 60 nm, (a3) 100 nm, (b3) 6 µm, (c2) 10 µm, (c3) 20 µm, (d2) 1 µm, and (d3)
6 µm, respectively.were hidden in deep side of template before the planariza-
tion (Fig. 1(c3)). The front side of template was selectively
and mildly etched by KOH (0.1 M) solution, and further
treated by Ar/SF6 (20/20 sccm under the bias of 100 W)
plasma mixtures to remove the remained polishing slurry
(Fig. 1(d2) and (d3)).
Standard photolithography process was performed on
the deposited AAO template before further property char-
acterization. Typically, the template was spin-coated by
the photoresist (AZ 9260), patterned by UV-lithography,
and then deposited with Ni (50 nm)/Al (70 nm)/Au
(200 nm) film by e-beam evaporation for the electri-
cal property measurements (electrical conductivity and
Seebeck coefficient), as presented in Fig. 2(a1). The de-
posited metals create ohmic contact with BixSb2−xTe3
nanowires with low contact resistances [27]. In addition,
Ni is also known as a diffusion barrier for thermoelec-tric materials, blocking atomic diffusion from gold into
BixSb2−xTe3 [28]. After the electrical resistance was mea-
sured by the four-probe method, the electrical conductiv-
ity was obtained using the estimated nanowire thickness,
device area, and the nanowire coverage. Then, the Seebeck
coefficient was measured by utilizing bipolar measure-
ment to extract Joule component and Peltier component
since the Peltier signal switches with current polarity [29].
Basically, forward and reverse biases were applied to the
device (Fig. 2(b1)), and thermoreflectance thermal imag-
ing detected the temperature change (1T ) at the top sur-
face, in both cases, by capturing the relatively reflectivity
(1R/R) of device, which is dependent on the temperature,
1T ∝ 1R/R [26]. Seebeck components were extracted
after analyzing these two opposite-polarity-current im-
ages as shown in Fig. 2(b2). In parallel, identically grown
and fabricated AAO template was deposited with a 70 nm
S. Jin et al. / Extreme Mechanics Letters 9 (2016) 386–396 389Fig. 2. TE properties measurement: (a1) Four-probemeasurement for electrical conductivity. (a2) SEM image of fabricated devices on AAO template. Scale
bar: 100µm. (b1) Thermoreflectance thermal imaging for Seebeck coefficient measurement. (b2) Joule and Peltier thermoreflectance of the device. (Upper
two: magnitude, lower two: phase.) (c1) TDTR measurement for thermal conductivity. (c2) AFM image of surficial roughness for device.Al film. Time dominant thermo-reflectance measurement
(TDTR), the pump–probe optical technique for thermal
conductivity measurement (Fig. 2(c1)), was used to mea-
sure thermal conductivity. Since the size of pump and
probe are∼12 µm, the requirement for sample flatness is
critical. Fig. 2(c2) shows Atomic Force Microscope (AFM)
image of Al-deposited sample surface deposition, which
has a RMS roughness of 2.54 nm.3. Results and discussion
To investigate the laser effect on ECD, cyclic voltam-
metry (CV) experiments of working electrolyte were per-
formed with and without laser treatment. As Fig. 3(a)
shows, the shapes of CV curves in the absence (blue) and
presence (red) of laser treatment are similar to each other
except the appearance of ‘‘notches’’ in the latter case. These
390 S. Jin et al. / Extreme Mechanics Letters 9 (2016) 386–396Fig. 3. (a) CV curves in the presence (red) and in the absence (blue) of laser irradiation. Scan rate: 50mV/s. (b) I–t curves at reduction potential of−50mV
with the working electrode exposed to the 8 mJ/pulse. Inset: Zoom-in of I–t curve after laser is triggered. (c) I–t curves on various laser energy applied
to the working electrode, from 8, 20, to 32 mJ/pulse. (d) Simulated temperature of the tip of nanowires at different laser energy conditions, from 8, 20, to
32 mJ/pulse. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)‘‘notches’’ indicate instant current leaps in cathodic and
anodic current sweep, and do not change the overall tex-
ture of CV curve. Thus the stoichiometry remains the same,
because reduction peaks are not shifted. ‘‘Notches’’ corre-
spond to the instant current elevation and may contribute
to instantly localized temperature elevation caused by the
photon absorption at the front tips of nanowires. The en-
ergy delivered by photons (wavelength 355 nm),∼3.49 eV,
is sufficient for BixSb2−xTe3 to absorb, whose band gap is∼0.1 eV [30], increasing the temperature locally. Similar
tendency of bouncing current was observed when laser
was exposed to the working electrode with static poten-
tial applied.
As shown in Fig. 3(b), laser is triggered when the cur-
rent reaches the stable point, then the current vigorously
fluctuates. The increase of current is found to be as much
as 3%, which is most likely due to the local heating by laser
on the growth front of nanowires. Various laser energies
were applied to working electrode to further investigate
the effect by laser irradiation. As summarized in Fig. 3(c),
the amplitude of current fluctuation synchronizes to the
applied laser energy. The most severe ‘‘bouncing’’ was ob-
servedwhen a 30mJ/pulse laser was used, indicatingmore
active reaction when higher power of laser source is ap-
plied on the working electrode. To confirm the heating ef-
fect by laser on the nanowire, the transient temperatures
on tip of nanowire during single pulse laser irradiationwith variable energy density are estimated by employing
COMSOL multiphysics (Simulation details are in the sup-
porting information) and presented in Fig. 3(d). After 5 ns
irradiation of 8-mJ single pulse laser, the temperature on
tip is elevated to ∼750 K then it decays very fast to near
room temperature. This periodic heating and cooling per-
formance could result in current bouncing, ‘‘notches’’ in
the CV curve of Fig. 3(a) and fluctuation in the I–t curve
of Fig. 3(b). Because the high temperature lasts less than
10 ns, the overall redox potential remains almost the same.
This is also the explanation for the unchanged stoichiome-
try for nanowires with or without laser irradiation. There-
fore, the only way to achieve stoichiometry adjustment in
this set-up is to apply different reduction potential.
As Table 1 summaries, the content of Te gradually de-
creases as the absolute value of reduction potential in-
creases, which determines the type of charged carriers:
n-type for high-Te materials, and p-type for low-Te ones.
Though the high-energy laser has a significant current el-
evation, probably resulting in growth rate acceleration,
however, the side-effect coupled with high laser energy
dose cannot be ignored, which is the nanowire ablation re-
sulting from extremely fast-elevated temperature beyond
nanowire melting point (∼900 K for BixSb2−xTe3). When
the working electrode is exposed to laser with 20mJ/pulse
and 32 mJ/pulse energy, the temperature on the tip of
nanowire can reach∼1500K and∼2300K, respectively. As
S. Jin et al. / Extreme Mechanics Letters 9 (2016) 386–396 391Fig. 4. Schematic illustrations of initial growth process (a1), middle growth process (b1), and final growth process (c1), and corresponding temperature
distributions at 1 ns after laser triggered (a2, b2, and c2, respectively), 5 ns after laser triggered (a3, b3, and c3, respectively), and 6 ns after laser triggered
(a4, b4, and c4, respectively). Note that the laser pulse width is 5 ns, thus latters are also at 1ns after the single pulse laser is off. Scale bar applied to each
figure: 100 nm.Table 1
Stoichiometry of BixSb2−xTe3 nanowires at different reduction potential.
Potential (mV) Bi Sb Te
−25 0.05 0.12 3.00
−250 0.51 1.33 3.00
−300 0.63 1.58 3.00
the result, the backside Au films aswell as newly deposited
nanowires were damaged due to high-energy laser abla-
tion. Thus, in the following study, moderate laser-energy
is selected to avoid working electrode damages. According
to our previous study, under this laser energy condition,
even though significantly improved deposition rate is not
expected, localized high temperature caused by laser treat-
ment is able to modulate growth mode and crystal struc-
ture [23].
To further understand entire growth process, cross-
sectional temperature distribution of the growth sys-
tem was also performed by COMSOL multiphysics, and
demonstrated in Fig. 4. Three different growth peri-
ods were investigated, which are initial (Fig. 4(a1)–(a4)),
middle (Fig. 4(b1)–(b4)), and final stage of deposition
(Fig. 4(c1)–(c4)). In each stage, initial laser heating, (1 ns
after laser triggered, shown in 2nd column of Fig. 4), fi-
nal laser heating, (the end of single pulse laser heating,
shown in 3rd column in Fig. 4), initial cooling (1 ns after
laser heating is off, shown in 4th column of Fig. 4) were
presented. Despite of the location of interface between so-
lution and the tips of nanowires, each period heating and
cooling show similar tendency with respect to tempera-
ture distribution, implying that the whole growth process
is identical. The heating process contains two major parts:
(i) absorption of photons throughout nanowires, and (ii)
plasmon heating from the edge of nanowires. According tothe Lambert’s Law, the absorption of incident laser in the
substance initiates the conductance of heat [31] and decays
as the depth of substance increases. The penetration depth
of incident laser in the nanowires is ∼350 nm. This pene-
tration depth of nanowires is our suggested length of seed-
ing for nanowires because any length less than this num-
ber could yield instant high temperature elevation,may re-
sulting in back electrode ablation and damage. The other
heating effect is from the interface between nanowires and
AAO template. As shown from Fig. 5(c) and (d), the heat
is mainly absorbed by the interface, indicating the plas-
monic heating is dominant during this process. The electric
field distribution is presented in Fig. 5(a) and (b). Localized
and enhanced electric fields occur at the AAO/nanowire in-
terface, implying the induced plasmon from semiconduc-
tor/dielectric interface is generating more heat where the
electric field is stronger [32–34]. It is worth noting that at
the initial stage of growth, surface plasmon resonance is
expected due to the existence of metal (Au/Ti)/dielectric
(AAO) interface at the bottom [35]. Therefore, further en-
hanced plasmon, other than the relatively short length
(small volume) of nanowires, probably results in slightly
higher temperature at the initial growth stage in compar-
ison to the other two stages. Lastly, the morphology of
nanostructure also could yield enhanced electric field [36],
however, it is quite challenging to model the complex
morphological structure of each nanowire in the simula-
tion. Beside the heating effect, cooling plays an important
role during the whole process. For example, even though
the laser initiate heat transfer from nanowires boundary,
the highest-temperature spots are found at middle part
of nanowires, slightly underneath tips of nanowires, in-
dicating the cooling effect from AAO (on nanowires side)
and from aqueous solution (on nanowires tips). It is inter-
esting to point out the heat transfer direction among the
392 S. Jin et al. / Extreme Mechanics Letters 9 (2016) 386–396Fig. 5. Electric field distribution on the plane of interface between the solution and nanowires fronts (a) and corresponding zoom-in area (b), scale bar:
100 nm. Heat absorption distribution on the plan of interface between the solution and nanowire fronts (c) and corresponding zoom-in area (d), scale bar:
100 nm.multi-media. Once the nanowires start to be heated, the
size of temperature contours tends to extend toward bot-
tom (seen from2nd and3rd columns in Fig. 4). During cool-
ing process, the contour maps ‘‘enlarge’’ both horizontally
and downwards. One of the reasonable explains is that, ac-
cording to heat transfer equation, under the constant cur-
vature, the time derivative of temperature is proportional
to thermal diffusivity (α), where the order of thermal dif-
fusivities are αnanowires > αAAO > αsolvent. (Parameters
are listed in supporting information.) Therefore, the heat
transfersmore ‘‘rapidly’’ through nanowires than the other
media, least ‘‘rapidly’’ through the solution.
Structural differenceswith andwithout laser treatment
during ECD are shown in Fig. 6. As shown in Fig. 6(a), the
HR-TEM image for the nanowire without laser treatment
shows an average grain size of ∼10 nm. According to
the 3D nucleation–coalescence mechanism, the vertical
growth rate dominates the lateral growth rate when
a high overpotential is applied [22,37], depositing fine
crystalline grains in the AAO channels. Nanowires, thus,
tend to be polycrystalline. The crystal orientation is
determined by the interplanar spacing, d015 = 0.32 nm
for (0 1 5) planes. It can be seen from Fig. 6(a) and
(b) that the grains grown under −300 mV potential are
randomly oriented and attached to each other rather than
aligned along a particular crystal direction, confirming
that the 3D growth mechanism dominates. The grain
boundaries (marked as white dashed lines) are not sharpbut blur, indicating amorphous structure of boundaries,
where charge carriers can be scattered and trapped. The
performance of the device could be negatively affected
because of the decreased carrier lifetime and carrier
mobility [38,39].
In contrast, the laser-treated nanowires shown in
Fig. 6(b) present single crystal structure with different
orientations. Grain size ismuch larger than the counterpart
without laser exposure. As the applied potential remained
the same, a larger grain size is attributed to dominating
2D growth mechanism [22], where the lateral growth is
dominant over the vertical growth. When the channel
environment is heated up by absorbing photons, smaller
3D spherical nuclei, which formed under a high reduction
potential, are less thermally stable than a 2D lateral
structure due to lower melting point resulting from size
depression. Therefore, the growth of the nanowires tends
to follow a 2D growth mode. Another possible explanation
is that the grain boundaries are eliminated by laser
recrystallization. The thermal effect of photons is able to
drive grains to grow larger by crystallizing the amorphous
grain boundary [40]. It is worth noting that even though
most parts of the crystal grow in [0 1 5] direction, defects
(marked as dotted area) with sizes between 2 and 6 nm
are embedded in the nanowire. As shown in Fig. 6(d), the
defect-area is made of two majority parts, particle (red)
and transition area (green). Neither of these two parts is
amorphous since the lattice planes are clearly observable.
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c d
Fig. 6. HR-TEM images of (a) nanowire without laser treatment. (b) Zoom-in of yellow-rectangular area in (a). (c) Nanowire with laser treatment. (d)
Zoom-in of yellow-rectangular area in (c). Scale bar: (c) 2 nm and (d) 2 nm. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)Particle embedding is most likely the evidence of high
reduction potential, which converts the growthmode from
a 3Dmode to 2D. The transition area (marked as green) are
probably the intermediate state for laser recrystallization.
This defect could be beneficial to TE materials, because
the low portion of these defects in the crystal could
not affect the charged carrier transport while they may
scatter phonons so that the thermal conductivity could be
reduced, compared to defect-free TE nanowires.
Fig. 7(a) exhibits that the device resistance scales well
with area, inversely proportional to the device area. This
indicates that the area coverage of nanowires is uniform
over the template, even though the location of each de-
vice is changing. Uniform nanowire distribution in large
area ensures AAO’s application as the TE module, which
is electrically connected in series by n-type and p-type of
legs. The temperature changes due to Joule heating and
Peltier effect obtained from the thermoreflectance ther-
mal imaging are presented in the Fig. 7(b) and (c), re-
spectively. Laser-treated device exhibits lower tempera-
ture increase resulting from Joule heating compared to
non-laser-treated one (Fig. 7(b)), indicating higher electri-cal conductivity. Higher slope of the Peltier-induced tem-
perature change in the laser-treated device than in the
non-laser-treated sample (Fig. 7(c)) also indicates that the
laser irradiation improves the Seebeck coefficient of the
nanowires as the slope is proportional to the Seebeck coef-
ficient. Measured Seebeck coefficients for the laser-treated
nanowires and the non-laser-treated nanowires are found
to be 151.8 µV/K and 97.2 µV/K, respectively.
Theoretical calculations based on the Boltzmann trans-
port equations, were performed to explain the measured
transport properties, and the results are summarized in
Fig. 7(d) (Detailed calculation is summarized in Support-
ing Information). Since the Seebeck coefficient is largely
determined by the carrier concentration in thematerial as-
suming that the band structure has not been significantly
altered, we hypothesized that the variation of the Seebeck
coefficient after the laser treatment was due to the varia-
tion of the carrier concentration in the nanowires. For the
p-type BixSb2−xTe3 semiconductors, it is known that the
most charge carriers are donated from the anti-site defects
such as Bi/Sb occupying Te sites [41]. Combined with the
fact that less defects are found in the laser-treated sample
394 S. Jin et al. / Extreme Mechanics Letters 9 (2016) 386–396Fig. 7. (a) Device resistances scaling with device area. Blue dots are measured resistances and the red dashed is fitting curve. Inset: Optical microscope
image of devise. (b) Temperature changes caused by Joule heating effect on laser-treated device (red) and non-laser-treated device (blue) at different
currents. (c) Joule andPeltier thermoreflectance of the device. (Upper two:magnitude, lower two: phase.) Scale bar: 75µm. (d) Temperature changes caused
by Peltier cooling effect on laser-treated device (red) and non-laser-treated device (blue) at different currents. (e) Calculated carrier concentration based on
measured electrical conductivity and Seebeck coefficient. (Red stars are laser-treated and blue triangles are non-laser-treated.) (f) Thermal conductivities
for laser-treated nanowires (red), non-laser-treated nanowires (blue), and pure AAO template (black). Inset: Digital graph of fabricated AAO template
(white-dotter part) mounted on silicon substrate by crystal bond. Radius of AAO template here is∼10 mm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)than in the control, laser treatment is most likely to reduce
the carrier concentration by controlling the crystal to grow
in the highly oriented direction, which results in the en-
hanced Seebeck coefficient.
Another merit brought by the laser treatment is the in-
creased mobility. Though the laser irradiation reduces the
carrier concentration, the resultant electrical conductiv-
ity was improved. Considering the electrical conductivity,
σ = neµ, where n, e, and µ are carrier concentration, el-ementary charge, and mobility, respectively, the electri-
cal conductivity increases despite the carrier concentra-
tion reduction implies that the carrier mobility has been
increased. In fact, the improved mobility is confirmed by
the theory as shown in the good curve-fitting results for
the Seebeck coefficient and electrical conductivity with es-
timated carrier concentrations in the two samples. The re-
duced defect density resulted in the reduced carrier-defect
scatterings in the nanowires, which in turn increased the
S. Jin et al. / Extreme Mechanics Letters 9 (2016) 386–396 395carrier mobility. From the theoretical curve fitting, we find
that the carrier concentrationwas reduced from∼1×1020
to ∼4.5 × 1019 cm−3, while the mobility was enhanced
from 1.6 to 5.5 cm2/Vs after the laser treatment.
Benefited from the simultaneous increase in electrical
conductivity and Seebeck coefficient, the overall power
factor, defined as S2σ , for the laser-treated device is found
to be ∼90.1 µW/m K2, which is four times higher than
that of the non-laser-treated device, ∼23.0 µW/m K2.
Three types of device, laser-treated nanowires embedded
in template, non-laser-treated counterpart, and AAO tem-
plate only were fabricated andmeasured using TDTR tech-
nique for thermal conductivity characterization. The sur-
ficial nanowire coverage in the AAO templates were care-
fully determined by SEM to extract the thermal conduc-
tivity with TDTR experiments. Fig. 7(f) exhibits the ther-
mal conductivities for the laser-treated nanowires (red),
the non-laser-treated nanowires (blue), and the pure AAO
template (black). Nanowires with laser irradiation show
higher thermal conductivity (∼1.42 W/m K) compared to
control sample (∼1.30 W/m K). Laser reduces the defects
and boundaries in the nanowires, and thus the phonon
scattering happens less frequently. As a result, the over-
all thermal conductivity is lower in the non-laser sample.
Although the increased thermal conductivity in the laser-
treated nanowires adversely affect the ZT value, the highly
increased power factor compensates the thermal conduc-
tivity reduction, and result in an enhanced ZT from0.005 to
0.02. Therefore, this work highlights the favorable impacts
of the laser treatment in the thermoelectric performances
of the electrochemically deposited nanowires in the AAO
template.
4. Conclusions
This work demonstrates novel laser-assisted ECD of
p-type BixSb2−xTe3 nanowires in the AAO template. Cur-
rents fluctuate when the fabricated AAO electrode is ex-
posed to laser, indicating the instant and localized tem-
perature increase on the nanowire tips. This phenomenon
is consistent to temperature distribution from FEM. Fur-
thermore, this effect is beneficial for highly oriented and
good-quality crystal growth. We also successfully fabri-
cate the deposited AAO by utilizing standard photolithog-
raphy process, for further in-situ TE performance charac-
terization. In comparison to deposited nanowires without
laser irradiation, the laser-treated nanowire exhibits sig-
nificantly improved electrical conductivity, Seebeck coef-
ficient, and slightly increased thermal conductivity. Com-
bining BTE calculation to microstructural characteriza-
tion, the increased Seebeck coefficient and electrical con-
ductivity result from the reduced carrier concentration
and good crystallinity induced by laser irradiation, re-
spectively. Though the thermal conductivity is slightly in-
creased by the laser treatment, the overall TE performance
for laser-treated device is still superior to its counterpart
without laser irradiation. This unique deposition method
and fabrication process could enable the extension of AAO-
based application.Acknowledgments
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